The Hall effect is investigated for eight superconducting Fe(Se 0 (typically T c > 9 K), R H leaves almost unchanged down to T ≈ 100 K, and then starts decreasing toward a negative side. Around the temperatures when R H changes its sign from positive to negative, obvious nonlinearity is observed in the field-dependence of Hall resistance as to keep the low-field R H positive while the high-field R H negative. Thus the electronic state just above T c is characterized by n e (electron density) > n h (hole density) with keeping µ e < µ h . These results suggest the dominance of electron density to the hole density is an essential factor for the occurence of superconductivity in Fe-chalcogenide superconductors.
R H (T ) depending on T c . For thin films with lower T c (typically T c < 5 K), R H start decreasing approximately below T = 250 K toward a negative side, some of which shows sign reversal at T = 50 ∼ 60 K, but turns positive toward T = 0 K. On the other hand for the films with higher T c (typically T c > 9 K), R H leaves almost unchanged down to T ≈ 100 K, and then starts decreasing toward a negative side. Around the temperatures when R H changes its sign from positive to negative, obvious nonlinearity is observed in the field-dependence of Hall resistance as to keep the low-field R H positive while the high-field R H negative. Thus the electronic state just above T c is characterized by n e (electron density) > n h (hole density) with keeping µ e < µ h . These results suggest the dominance of electron density to the hole density is an essential factor for the occurence of superconductivity in Fe-chalcogenide superconductors. conducted in order to obtain deeper insight into the electronic states of this material, and to investigate potential routes toward a higher-T c . We confirm the coexistence of electrons and holes first, and, in addition, we find 1) that there is an intimate relation between the temperature dependence of R H and T c , and 2) that the electronic state just above T c is characterized by n e (electron density) > n h (hole density) with keeping µ e ¡ µ h .
Fe(Se 0.5 Te 0.5 ) films highly oriented along the c axis were grown by pulsed-laser deposition as described elsewhere. 14 We prepared eight thin-film samples for the Hall-effect measurements. Detailed specifications of the films are summarized in Table I . Six films were prepared from a stoichiometric FeSe 0.5 Te 0.5 sintered target, and two were prepared from a FeSe 0.5 Te 0.75 target containing excess Te. We prepared two films simultaneously during each deposition, one on MgO (100) and the other on LaSrAlO 4 (001) in order to purely extract the substrate dependence. Samples A and D, B and E, C and F, and G and H were each grown in the same deposition process. All of the films were deposited in a six-terminal shape using a metal mask appropriate for both resistivity and Hall-effect measurements. The crystal structure was investigated by an ordinary θ-2θ x-ray diffraction. Thicknesses of the films were estimated by Dektak 6M stylus profiler. Resistivity and Hall effect measurements were obtained using PPMS for temperatures down to T = 2 K.
All the films shown in this paper have a highly c-axis oriented structure in common, while their c-axis length is a little bit scattered. As was shown in our previous paper 14 and is summarized again in Table I , the c-axis length of the prepared films spreads out from 5.79 to 5.93Å, which are shorter than that reported for polycrystalline samples. 22 Thus, we suspected that the chemical composition of the films was deviated largely from that of the target, and carried out an EDX measurement to the selected films. The obtained results of Se / Te ratio is shown in Table I for Fig. 1(b) . This group is also characterized by dρ/dT > 0 at intermediate temperatures, but the slope turns again to dρ/dT < 0 before the transition to superconductivity. The samples in this group also exhibit lower T c than those in the first group. The third group (samples E and F) is the most insulating group (Fig. 1(c) ), as it never exhibits metallic (dρ/dT > 0) behavior. As shown in Fig. 1(d) , all the films become superconducting even though this state is not observed for T ≥ 2 K for samples D and F.
For the evaluation of R H , we first need to measure transverse resistance R xy by sweeping the magnetic field, because the presence of the anomalous Hall effect (AHE) 23 has already been reported for FeSe by Feng et al. 5 An example of the typical behavior is shown for sample F in Fig. 2(a) . We sweep the magnetic field from µ 0 H = 0 T to 2 T to -2 T to 0 T, and observed that R xy showed a step-like behavior around the H = 0 T indicating a contribution from the AHE. Thus, it is likely that the present Fe(Se 0.5 Te 0.5 ) thin films has spontaneous magnetizaion, athough we cannot measure the magnetizaion due to the insufficient sample volume. R xy is expressed as the sum of a normal Hall term (R H B) and an anomalous Hall term (R s µ 0 M). A steep increase in R xy is only observed between -0.5 T < µ 0 H < 0.5 T (Fig. 2(b) ), so we reasonably determine R H by linearly fitting of R xy vs µ 0 H between -2 T < µ 0 H < -1 T. Figure 2 (a) also shows that R H > 0 at T = 300 K, that R H < 0 at T = 60 K , and that R H > 0 at T = 10 K. It should be noted that the sign of R s is not influenced by the sign reversals of R H . Although we do not further discuss the detailed T dependence of R s in this paper, R s appears roughly proportional to ρ(T ) and/or ρ 2 (T ), which is consistent with conventional scenarios of skew scattering effect and/or side jump effects.
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After removing the contribution associated with AHE, we plot R H in the weak-field limit for all samples as shown in Fig. 3 . R H is almost independent of T around room temperature, and has a value between 1 ∼ 1.5 × 10 −3 cm 3 /C. This is consistent with the value reported by Feng and co-workers, 5, 6 but it is half of the value reported by Wu et al. 15 The most metallic group of the samples maintains a nearly constant R H down to 100 K. Below this temperature, R H starts decreasing. We observe sign reversal only once for both samples A and G. It is surprising that these samples show almost identical R H (T ) and also ρ(T ), even T c is also observed in sample B that shows T c = 8.8 K as high as that of samples A and G, and we cannot say that R H (T ) behavior at T T c and its sign just above T c is not directly related to T c . Instead, we can find more robust correlation between R H and T c . Let us see R H (T ) of sample B again. Despite a strong upturn of R H in sample B below 60 K, R H looks almost independent of temperature between 100 K < T < 250 K similar to that observed in samples A and G. Thus, we should conclude that a strong correlation exsists between T c and the T -dependence of R H below 250 K.
In order to further explore the normal state transport properties of FeSe system, we need to explicitly treat the motion of electron-and hole-type carriers. Fortunately, there are several band calculations in the literature for the FeSe system, and based on these, it has been accepted that, at least, four bands which originate from different Fe 3d orbital cross the Fermi level. 11, 12 Two of these contribute hole-type conduction, and the other two contribute electron-type conduction. To minimize complexity, we do not consider all four of these bands, at once. Instead, we apply a simplified two-carrier model including one electron band (with electron density n e and mobility µ e ) and one hole-type band (with hole density n h and mobility µ h ), and from this try to extract phenomenological but essential behavior of R H (T ). Since we do not know a mathematical expression of R H suitable for two-dimensional cylindrical Fermi surfaces, we borrow a classical expression for the Hall coefficient of three-dimensional isotropic semiconductors in the presence of both electronand hole-type carriers:
where b = µ e /µ h , and B is a magnetic flux density. This equation predicts immediately a non-linear dependence of R xy (= R H · B) on applied field, which can be observed at field of several Tesla depending on the coefficients in the equation.
The fitting of R xy is most successfully performed for sample G. To see how the sign change occurs in R H , we plot R xy by sweeping the field up to µ 0 H = 13 T (Fig. 4(a) ).
Equation (1) predicts that R H = e −1 ·(n h µ h 2 − n e µ e 2 )/(n e µ e + n h µ h ) 2 in the limit of B = 0, while R H = e −1 ·1/(n h − n e ) in the limit of B = ∞. At T = 300 K, R H looks almost linear in H, indicating the hole-type transport is dominant. Furthermore, it is likely that hole-type transport is dominant even at T = 40 K. At T = 30 K and 20 K, on the other hand, obvious nonlinear behavior is observed. We successfully fit both data with Eq. (1), as shown by the solid lines in Fig. 4(b) , and obtain n e − n h = 3.38 × 10 22 cm −3 at T = 30 K, and n e − n h = 1.44 × 10 22 cm −3 at T = 20 K. Although the values themselves are strongly dependent on the particular model that we used, in any case the density of electron-type carriers rapidly increases with T decreasing from higher temperature, and this density exceeds that of holetype carriers before superconducting transition. The data at T = 30 K is most notable, because the slope at high field is negative while that at low field is positive, which means pµ h 2 − nµ e 2 > 0 and n h − n e < 0. This gives the relation that µ h > µ e , which is consistent with a result previously indicated in the literature. is that the number of outer electrons is different between pnictogen and chalogen, and the other is more specific reasons, such as band structures. Actually our result indicates that the hole mobility is larger than the electron mobility, while the opposite relation is deduced for Ba(Fe 2−x Co x As 2 ), 26,27 which can be attributed to the details and local features of the elctronic band structure. films, and that we are able to detect this shift using Hall-effect measurements. To confirm this inference, we need to carry out more comprehensive measurements of the Hall effect in
FeSe systems as a function of doping and crystal structure.
In conclusion, we measure the temperature dependence of the normal Hall coefficients, which is positive in contrast to Ba(Fe 2 As 2 ), for several Fe(Se 0.5 Te 0.5 ) thin films and find a strong correlation between R H (T ) and T c . R H (T ) of the most metallic samples remains almost constant down to T = 100 K, and then start decreasing toward negative side, which is driven by the change in the population of eletron-and hole-type carriers, and the charge transport at temperatures just above T c is dominated by electron-type carriers. On the other hand, in more insulating samples the dominant carriers remain hole-type, and the R H exhibits a different temperature dependence. We proposed the the analysis of non-linear
Hall resistivity, which can be the entrance to decompose the role of carrier concentrations and mobilities on the electronic structure and superconductivity in the iron-chalcogenide superconductors.
We thank T. Kawaguchi, H. Ikuta, A. Ichinose, J. Shimoyama, and K. Kishio for fruitful discussions and for sharing the unpublished data. We also thank H. Kontani and K. Ohgushi for valuable disucssions. 
